We have investigated the contribution of 90 domain walls and thermal expansion mismatch to pyroelectricity in PbZr 0:2 Ti 0:8 O 3 thin films. The first phenomenological models to include extrinsic and secondary contributions to pyroelectricity in polydomain films predict significant extrinsic contributions (arising from the temperature-dependent motion of domain walls) and large secondary contributions (arising from thermal expansion mismatch between the film and the substrate). Phase-sensitive pyroelectric current measurements are applied to model thin films for the first time and reveal a dramatic increase in the pyroelectric coefficient with increasing fraction of in-plane oriented domains and thermal expansion mismatch.
Pyroelectricity, the temperature dependence of spontaneous polarization in ferroelectrics, enables a variety of devices [1] [2] [3] which utilize the pyroelectric current or voltage developed in response to temperature fluctuations. Traditionally, these systems relied on bulk materials, but future nanoscale devices will increasingly require ferroelectric thin films. Reducing the dimensions of ferroelectrics increases their susceptibility to size-and straininduced effects. In this spirit, thin-film epitaxy has been developed to provide a set of parameters (e.g., film composition, epitaxial strain, electrical boundary conditions, and thickness [4, 5] ) that allow for precise control of ferroelectrics and has been instrumental in understanding dielectric and piezoelectric effects. However, measuring the pyroelectric response of thin films is difficult and has restricted the understanding of the physics of pyroelectricity, prompting some to label it as ''one of the least-known properties of solid materials'' [6] .
In general, the pyroelectric properties of a ferroelectric under short-circuit conditions are affected by three contributions: intrinsic, extrinsic, and secondary. The intrinsic contribution arises from a temperature-dependent change in the polarization in the bulk of a ferroelectric domain. The extrinsic contribution arises from the temperaturedependent movement of domain walls in a polydomain state. The sum of these two coefficients is referred to as the primary pyroelectric coefficient. Since pyroelectric materials are also piezoelectric, thermal expansion results in pyroelectricity which is referred to as a secondary contribution. In thin-film samples, this secondary contribution is related to the difference in thermal expansion between the film and substrate [7] . In general, one might expect the extrinsic effect to be qualitatively analogous to the domain wall contributions observed in dielectric and piezoelectric properties; [8, 9] however, recent theoretical work [10] suggests that extrinsic contributions to pyroelectricity are actually qualitatively different and can be large in magnitude (comparable to intrinsic contributions). Such observations remain experimentally unstudied. On the other hand, the effect of thermal expansion mismatch is generally ignored for dielectrics and piezoelectrics as the sample is assumed to remain at a constant temperature and little experimental work has been completed on this contribution to pyroelectricity.
As noted, experimental limitations have restricted widespread study of pyroelectricity in thin films. Most measurement techniques were developed to probe bulk ceramics or single crystals, including laser induced heating [11] and constant ramp-rate heating induced current measurements [12] . These techniques are adequate to identify pyroelectricity or to estimate the pyroelectric coefficients of large samples, but lack precision as a consequence of poor temperature accuracy, nonuniform heating, and contributions from thermally stimulated currents [13] . Regardless, these techniques have been applied, with limited success, to characterize thin films [14] [15] [16] [17] . Phasesensitive techniques [18, 19] overcome some of these limitations and provide an accurate measure of pyroelectricity. This method is, however, difficult to implement on smallarea (< 200 m diameter) thin-film ferroelectric capacitors whose pyroelectric current can be small ($100 fA for dT=dt ¼ 1 À 10 K= min .). To our knowledge, pyroelectric measurements using a phase-sensitive technique have not been reported on such thin-film capacitors. It is these measurement limitations that have, in turn, limited a deeper understanding of pyroelectricity.
Using a combination of thin-film epitaxy, phasesensitive, low-noise variable temperature electrical measurements, and Ginzburg-Landau-Devonshire (GLD) models, we investigate the intrinsic, extrinsic, and secondary contributions to pyroelectricity in polydomain PbZr 0:2 Ti 0:8 O 3 films. Extrinsic and secondary contributions
week ending 21 DECEMBER 2012 are found to greatly impact pyroelectricity near room temperature-with the pyroelectric coefficient increasing by 25%-50% with increasing fraction of in-plane oriented domains and thermal expansion mismatch. In the remainder of this Letter we develop a framework to understand the various contributions to pyroelectricity.
Ferroelectric materials form complex domain structures to minimize electrostatic and elastic energies [20, 21] . In films of tetragonal ferroelectrics such as PbZr 0:2 Ti 0:8 O 3 , these interactions result in the formation of c and a domains (with their tetragonal axes along or perpendicular to the substrate normal, respectively) that are separated by 90 domain walls (c=a=c=a structure). The volume fraction of the c and a domains at any temperature can be controlled by modifying the elastic boundary conditions via epitaxial strain [22] [23] [24] . Large compressive strains reinforce tetragonality and form monodomain, c-axis oriented structures. Decreasing compressive strain (or increasing thickness) results in a strain driven relaxation to the c=a=c=a structure where the fraction of the in-plane oriented a domains increases until, at a critical tensile strain, the entire film transforms to an in-plane oriented a 1 =a 2 =a 1 =a 2 structure.
Here the thermodynamic properties of these films are calculated using a polydomain GLD model that for the first time includes both extrinsic contributions arising from temperature-dependent domain wall movement and secondary contributions arising from thermal expansion mismatch with the substrate [10, 22, 23] . It has been shown that in the case of thick ferroelectric films with dense domain structures (such as those studied herein) that the polarization and stress fields can be assumed to be homogeneous within each domain thereby greatly simplifying the complexity of the models [22, 25, 26] . A complete discussion of the GLD functional, the boundary conditions, and the equations of state are provided in the Supplemental Material [27] . The pyroelectric coefficient along the [001] can be defined as 3 ¼ dhP 3 i dT , where hP 3 i ¼ c P s , c is the volume fraction of the c domains, and P s is the spontaneous polarization. The total pyroelectric coefficient can be expressed as 3 
dT [10] , where the first and second terms represent the intrinsic and extrinsic contribution to the pyroelectric coefficient, respectively. Using such a model, the pyroelectric coefficient of a PbZr 0:2 Ti 0:8 O 3 thin film at 320 K was calculated [ Fig. 1 ]. The intrinsic response [orange line, Fig. 1 ] is found to be negative for all domain configurations with P 3 Þ 0 and is maximized at the boundary between the c and c=a=c=a structures. Additionally, the extrinsic contribution due to the temperature-induced motion of 90 domain walls was calculated [green line, Fig. 1 ]. Note that the extrinsic contribution occurs exclusively in the c=a=c=a structure and the sign of the extrinsic contribution depends on the nature of the epitaxial strain (with compressive and tensile strains resulting in positive and negative contributions, respectively). Thus, the primary pyroelectric coefficient is maximized at a tensile strain corresponding to the transition that accompanies the disappearance of the c domains [dashed line, Fig. 1 ]. The presence of domain walls results in a shift of the position of maximum pyroelectric coefficient from compressive to tensile strain and the pyroelectric coefficient is observed to increase with increasing density of the a domains until the film is completely inplane polarized. This strain-dependent sign of the extrinsic contribution is very different from the analogous effects in dielectric and piezoelectric responses. In those cases, the 90 domain walls are predicted and observed to enhance the susceptibility of the material to applied electric field or stress (regardless of strain state). In the case of pyroelectricity, however, the sign of the applied epitaxial strain has significant impact on the nature of the domain wall motion to changing temperature. This fact had not been previously appreciated from more simplistic models.
To experimentally probe the pyroelectricity, we have grown 150 nm PbZr 0:2 Ti 0:8 O 3 =20 nm SrRuO 3 heterostructures on SrTiO 3 ð001Þ, DyScO 3 ð110Þ, TbScO 3 ð110Þ, and GdScO 3 ð110Þ substrates (which provide a lattice mismatch of À0:8%, 0.2%, 0.6%, and 0.9%, respectively, with PbZr 0:2 Ti 0:8 O 3 ) using pulsed-laser deposition [28] . SrRuO 3 was used as a lattice-matched bottom electrode on all substrates and symmetric capacitor structures were fabricated by depositing an 80 nm thick epitaxial SrRuO 3 top electrode (circular capacitors, diameter 25-100 m) patterned using an MgO-based hard-mask process [29] . Atomic force microscopy of as-grown films revealed smooth surfaces with root-mean-square roughness <1 nm and x-ray diffraction studies revealed single-phase, fully epitaxial thin films [ Fig. 2(a) ]. An increase in a from $4% for films grown on SrTiO 3 to $20% for films grown on   FIG. 1 (color online) . Equilibrium domain structure and pyroelectric coefficients of PbZr 0:2 Ti 0:8 O 3 thin films calculated using polydomain GLD theory at 320 K. The solid orange line shows the intrinsic pyroelectric coefficient, the solid green line (at the top in the c=a=c=a section) shows the extrinsic contribution to the pyroelectric coefficient from the 90 domain walls, and the dashed blue line shows the primary (intrinsic and extrinsic) pyroelectric coefficient.
GdScO 3 , consistent with the GLD models, was observed using x-ray diffraction rocking curve studies [30] [ Fig. 2(b) ] and piezoresponse force microscopy (Supplemental Material, Fig. S1 [27]). These films provide a model system, spanning the c=a=c=a polydomain region of the PbZr 0:2 Ti 0:8 O 3 system, with which to probe the various contributions to pyroelectricity.
The pyroelectric current (i p ) from a ferroelectric capacitor depends on the rate of change of temperature as i p ¼ A dT dt , where is the pyroelectric coefficient and A is the area of the capacitor. In contrast, within a narrow temperature interval (a few degrees K), the thermally stimulated current (i s ) depends on the temperature linearly as i s ¼ i so þ T where i so is the room temperature thermally stimulated current and is a constant related to the activation energy of the trap states that give rise to the thermally stimulated currents [18] . Therefore, in response to a sinusoidal temperature oscillation, the component of the current in-phase with the temperature is related to the thermally stimulated current [18, 19] and the current out of phase with the temperature is the pyroelectric current.
Phase-sensitive measurements of the pyroelectric coefficient were completed by measuring the current induced in response to sinusoidal temperature oscillations using a current preamplifier (Femto DLPCA-200) mounted in close proximity to the sample [ Fig. 3(a) ]. Temperature variations of the form T ¼ T b þ T 0 sinð!tÞ with a background temperature T b ¼ 320 K and oscillations of magnitude T 0 $ 1:25 K at an angular frequency ! % 0:125 rad=s were utilized to obtain a clean sinusoidal oscillation in a stable temperature near room temperature while producing a pyroelectric current that can be mea- where i 0 is the amplitude of the current oscillation and is the measured phase difference between the current and the temperature oscillations. The pyroelectric coefficient was extracted from a large number (n ¼ 32) of capacitors from a minimum of two identically prepared samples on each substrate. The measured phase difference between the temperature and current oscillations is close to À90 in all samples as expected; see the Supplemental Material, Fig. S2 [27] . Deviations from À90 phase difference between the temperature and current oscillations likely arise due to the presence of thermally stimulated currents in these samples; however, our ability to precisely measure the phase difference allows us to unequivocally identify the purely pyroelectric contribution.
These studies reveal that, as a increases from $4% to $20%, the measured pyroelectric coefficient increases from $ À 200 to À300 C=m 2 K [Fig. 4 ]. This is consistent with the predictions that the primary pyroelectric 
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. This indicates that the monodomain models of intrinsic response are inadequate to explain the observed pyroelectric response in polydomain films. The measured pyroelectric coefficient, however, shows a minor, but systematic, deviation from the values predicted for the primary contribution (i.e., measured values are consistently larger). While it is unrealistic to expect the GLD theory to provide a precise prediction of the actual pyroelectric coefficients, it is possible that the systematic deviation arises from other mechanisms active in thin-film ferroelectrics. As discussed previously, thin films are susceptible to secondary effects due to thermal expansion mismatch between the film and substrate. In prior work, such secondary contributions have been estimated to play a minor role in the pyroelectric response of thin films (< 10% of the total response, except near the morphotropic phase boundary) [7] . However, such models have only investigated monodomain ferroelectric thin films. Here, we calculate the secondary contribution to the pyroelectric coefficient in polydomain films and show that it can significantly enhance pyroelectricity. Since the polarization also depends on the strain due to the thermal expansion mismatch, we can write the secondary contribution as s ¼
@T , where u m is the misfit strain with the substrate. Using the temperature dependence of the lattice constants s can be simplified as [27] 
where f and s are the thermal expansion coefficients of the film and the substrate, respectively. This can be used to calculate the secondary contribution to the pyroelectric coefficient of polydomain thin films from the strain dependence of P s and c [22] . The average in-plane thermal expansion coefficients of SrTiO 3 , DyScO 3 , and GdScO 3 are 11:1 Â 10 À6 , 9:3 Â 10 À6 , and 12:1 Â 10 À6 K À1 , respectively [31, 32] . Experimental measurement of the thermal expansion coefficient of TbScO 3 is not available in the literature. We can observe general trends by using an average thermal expansion coefficient for all substrates studied here (10:9 Â 10 À6 K À1 ) and PZT (5:4 Â 10 À6 K À1 ) [31] . Using these values, we estimated the average secondary contribution to the pyroelectric coefficient [dashed green line, Fig. 4 ]. We see that the effect of the thermal expansion mismatch is more significant in the polydomain state as compared to a monodomain state due to the sensitive strain dependence of c . The secondary contribution contributes an additional 25%-50% to the total room-temperature response and provides an important correction to the primary pyroelectric coefficient calculated previously. Alternatively, we can consider each film-substrate combination independently (done here for films on SrTiO 3 , DyScO 3 , and GdScO 3 substrates) [open green squares, Fig. 4 ]. This approach helps explain the fine-structure observed in the data (relative vertical shifts of data points) and reveals that the secondary contribution is a complex and potentially large additional contribution.
Nevertheless, the addition of the secondary effect seems to systematically exceed the values of the measured pyroelectric coefficients. This could arise for a number of possible reasons. (i) Domain wall effects are overestimated due to domain wall pinning resulting in a lower extrinsic contribution than expected from GLD theory. The diminished extrinsic contributions push responses closer to the intrinsic values, thereby increasing the magnitude of the response in the region of interest. (ii) The secondary effects require further corrections (due to, for example, anisotropic thermal expansion coefficients). Nonetheless, this work has provided the first comprehensive study of pyroelectricity in polydomain ferroelectric thin films with c=a=c=a domain structures. This insight dramatically improves the current understanding of extrinsic (domain wall) and secondary contributions to pyroelectricity and how thin-film epitaxy can be used to generate model systems for the study of this underdeveloped realm of materials physics. Such thin-film approaches could also be utilized to explore additional exciting observations concerning pyroelectricity in nonpolar ferroelastics and nanoscale ferroelectrics which have been recently reported [33] [34] [35] .
In conclusion, this work has investigated the various contributions to pyroelectricity in ferroelectric thin films. We have demonstrated the crucial role played by 90 domain walls and thermal expansion mismatch on pyroelectricity. In general, a dramatic increase in the pyroelectric coefficient with increasing fraction of in-plane oriented domains and thermal expansion mismatch is observed. The extrinsic contribution to pyroelectricity from domain walls is found to be distinctly different from the analogous effects in dielectric and piezoelectric responses in that the sign of the effect depends on the nature of the applied epitaxial strain. At the same time, due to the strong coupling between the polarization and the lattice, the thermal expansion mismatch between film and substrate is also found to be strongly active in polydomain films providing an additional 25%-50% enhancement of pyroelectricity. These observations have important implications for the temperature dependent response of ferroelectrics and have not been previously probed either in models or experiment. 
